Lower vertebrate pineal organs discriminate UV and visible light. Such color discrimination is typically considered to arise from antagonism between two or more spectrally distinct opsins, as, e.g., human cone-based color vision relies on antagonistic relationships between signals produced by red-, green-, and blue-cone opsins. Photosensitive pineal organs contain a bistable opsin (parapinopsin) that forms a signaling-active photoproduct upon UV exposure that may itself be returned to the signaling-inactive "dark" state by longer-wavelength light. Here we show the spectrally distinct parapinopsin states (with antagonistic impacts on signaling) allow this opsin alone to provide the color sensitivity of this organ. By using calcium imaging, we show that single zebrafish pineal photoreceptors held under a background light show responses of opposite signs to UV and visible light. Both such responses are deficient in zebrafish lacking parapinopsin. Expressing a UV-sensitive cone opsin in place of parapinopsin recovers UV responses but not color opponency. Changes in the spectral composition of white light toward enhanced UV or visible wavelengths respectively increased vs. decreased calcium signal in parapinopsinsufficient but not parapinopsin-deficient photoreceptors. These data reveal color opponency from a single kind of bistable opsin establishing an equilibrium-like mixture of the two states with different signaling abilities whose fractional concentrations are defined by the spectral composition of incident light. As vertebrate visual color opsins evolved from a bistable opsin, these findings suggest that color opponency involving a single kind of bistable opsin might have been a prototype of vertebrate color opponency.
Lower vertebrate pineal organs discriminate UV and visible light. Such color discrimination is typically considered to arise from antagonism between two or more spectrally distinct opsins, as, e.g., human cone-based color vision relies on antagonistic relationships between signals produced by red-, green-, and blue-cone opsins. Photosensitive pineal organs contain a bistable opsin (parapinopsin) that forms a signaling-active photoproduct upon UV exposure that may itself be returned to the signaling-inactive "dark" state by longer-wavelength light. Here we show the spectrally distinct parapinopsin states (with antagonistic impacts on signaling) allow this opsin alone to provide the color sensitivity of this organ. By using calcium imaging, we show that single zebrafish pineal photoreceptors held under a background light show responses of opposite signs to UV and visible light. Both such responses are deficient in zebrafish lacking parapinopsin. Expressing a UV-sensitive cone opsin in place of parapinopsin recovers UV responses but not color opponency. Changes in the spectral composition of white light toward enhanced UV or visible wavelengths respectively increased vs. decreased calcium signal in parapinopsinsufficient but not parapinopsin-deficient photoreceptors. These data reveal color opponency from a single kind of bistable opsin establishing an equilibrium-like mixture of the two states with different signaling abilities whose fractional concentrations are defined by the spectral composition of incident light. As vertebrate visual color opsins evolved from a bistable opsin, these findings suggest that color opponency involving a single kind of bistable opsin might have been a prototype of vertebrate color opponency.
bistable opsin | pineal organ | color opponency | UV-sensitive opsin | molecular evolution C olor discrimination is achieved through antagonistic responses to different wavelengths of light, known as color opponency. Such color opponency has been described in many animal species and has previously been considered to require antagonistic interaction between signals produced by two or more opsins each sensitive to a different portion of the spectrum. The best-known instance of color opponency originates in the retina and is well known as color vision. Thus, in humans, trichromatic vision arises from red-, green-, and blue-sensitive cone opsins, which are exclusively present in different photoreceptor cells (1) (2) (3) (4) . These photoreceptor cells transmit light information to the brain via a complex neural network involving neurons that subtract outputs from different photoreceptor cells to generate color opponency. Such operations enable humans to recognize an enormous number of colors. Many vertebrates also have extraocular photoreception, and color opponency in these systems has also been reported in the context of sensing dawn/dusk (5, 6) . Mechanisms for such extraocular color opponency can be quite different from those of color vision. In lizard parietal eyes, blue vs. green discrimination is achieved at the level of single cells by comparing the activity of two opsins, blue-sensitive pinopsin and greensensitive parietopsin, expressed in a single photoreceptor (5, 7) . Interestingly, color opponency is generated through two distinct intracellular signal transduction cascades driven by pinopsin and parietopsin, respectively. Thus, in the lizard parietal eye, color opponency is a property of single cells rather than neural networks, as is the case for color vision.
Pineal organs of lower vertebrates such as lamprey and most teleosts also show color opponency, discriminating UV and visible light. This property has been recorded at the level of pineal ganglion cells (that receive light information from several pineal photoreceptor cells), with firing of these neurons suppressed by UV and enhanced by visible light (6, 8) . We previously found that parapinopsin, an opsin first identified in catfish pineal and parapineal organs (9) , is a UV-sensitive opsin and that it supports the UV reception involved in color opponency of the lamprey pineal organ (10) . Interestingly, parapinopsin is a bistable opsin: exposure of dark-adapted parapinopsin to UV light produces a stable photoproduct that is itself maximally sensitive to visible light and, on light absorption, can regenerate the original dark state, showing interconvertibility between the dark state and its photoproduct. Therefore, parapinopsin has two stable "color states" with their absorption maxima at largely separated wavelengths, unlike other vertebrate cone opsins whose photoproduct is unstable (10, 11) . However, it remains
Significance
Color discrimination in animals is considered to require opponent processing of signals from two or more opsins sensitive to different parts of the spectrum. We previously reported that lower vertebrate pineal organs, which discriminate between UV and visible light, employ a bistable opsin called parapinopsin that has two stable photointerconvertible states, a signalinginactive state maximally sensitive to UV and a visible lightsensitive signaling-active photoproduct. Here, we present evidence that the photoequilibrium between these two states in the zebrafish pineal organ is dependent on the spectral composition of incident light, setting the opsin's signaling activity according to color to allow parapinopsin alone to generate color opponency between UV and visible light at the level of single pineal photoreceptor cells.
unclear how the stable photoproduct of parapinopsin is involved in the pineal color opponency.
Bistable opsins are also employed in visual cells of many invertebrates (12) . Interestingly, under specific light conditions, the bistability can give rise to a form of "color opponent" behavior. Thus, for example, Drosophila visual cells contain a blue-sensitive rhodopsin whose photoproduct shows green/yellow sensitivity. The blue-sensitive opsin is not signaling-active, but its photoproduct is, driving depolarization of the photoreceptor cell. In white-eyed Drosophila, a bright blue light stimulus generates prolonged depolarization after light-off. This is known as prolonged depolarizing afterpotential (PDA), which occurs because the photoproduct (signaling active metarhodopsin) out-titrates the arrestin required to inactivate it. A subsequent long-wavelength (yellow or orange) light stimulus photoreisomerizes signaling-active metarhodopsin to signaling-inactive rhodopsin and results in suppression of the PDA, thereby generating an effective "hyperpolarization" (13) . The opposite effects of blue and green/yellow light on photoreceptor polarization in this paradigm reveal the potential for bistable opsins to support a sort of color opponency but this does not translate to more physiological lighting conditions.
Recently, we found that parapinopsin in the zebrafish pineal organ exhibits a bistable nature identical to that observed for lamprey parapinopsin (SI Appendix, Fig. S1 ). We also obtained the promoter sequence of zebrafish parapinopsin (14) . Here, we investigated the light response of parapinopsin-expressing cells (PP cells) by using genetic procedures. We found that parapinopsin alone can support color opponency at the single photoreceptor level. Color opponency in the zebrafish pineal organ has been considered to have little relevance to light regulation of pineal melatonin secretion (14, 15) , and there is no evidence directly demonstrating its involvement in light entrainment of the circadian rhythms in zebrafish. Here, we also discuss physiological relevance of the zebrafish pineal wavelength discrimination on the basis of light conditions that enable parapinopsin-based color opponency.
Results

Antagonistic Chromatic Responses in a Single Pineal Photoreceptor
Cell. To investigate responses to light in PP cells, we performed calcium imaging in transgenic zebrafish PP cells expressing the calcium indicator GCaMP6s (16) by using a two-photon excitation microscope at 930 nm ( Fig. 1 A and B) . The excitation light for GCaMP6s is expected itself to activate photoreceptors and can therefore be considered equivalent to a continuous blue light stimulation (∼465 nm) throughout the experiment. After approximately 120 s of imaging, fluorescence reached a plateau (SI Appendix, Fig. S2 ), allowing us to investigate the calcium level changes in PP cells upon additional stimulation with different wavelengths of light. In each region of interest (ROI; ROIs 1-6 in Fig. 1B ) containing part of a single PP cell, stimulation with 405-nm light caused a decrease in fluorescence intensity. This response is consistent with parapinopsins' known ability to show light-dependent interaction with transducin, which is expected to lead to hyperpolarization of the PP cell and closure of voltage-sensitive calcium channels (17) . In contrast, stimulation with 588-nm light elevated the fluorescence intensity, demonstrating the antagonistic effect of UV and visible light on the calcium in individual PP cells to UV and visible light (Fig. 1C) . The fluorescence changes between the average of ROIs 1-6 and ROI 7 encompassing the whole pineal organ were almost identical, suggesting that the color opponency observed in the whole pineal organ was based on the antagonistic chromatic response of a single PP cell. Such antagonistic responses were reproducibly observed by repeated stimulation with UV and visible light (Fig. 1D ). This represents color opponency in a single photoreceptor cell of the teleost pineal organ.
Color Opponency Depending on Molecular Property of Parapinopsin.
Color opponency in a single photoreceptor cell has previously been reported in the parietal eyes of the side-blotched lizard (5) . In that photoreceptor cell, two different opsins, blue-sensitive pinopsin and green-sensitive parietopsin, drive gustducin-(Gttype) and Go-mediated signal transduction cascades, leading to hyperpolarization and depolarization, respectively (7) . Moreover, we previously found the coexpression of parapinopsin with parietopsin in photoreceptor cells of the parietal eye in iguana (18) . These findings, together with the existence of a parietopsin gene in the zebrafish genome, encouraged us to investigate whether parietopsin is expressed in PP cells to mediate visible light sensitivity in color opponency, in combination with the UV-sensitive parapinopsin. RT-PCR and in situ hybridization analyses revealed that parietopsin was completely coexpressed with parapinopsin in the pineal organ ( Fig. 2 A and B and SI Appendix, Fig. S3A ). Like lizard and Xenopus parietopsins, zebrafish parietopsin is a greensensitive opsin with an absorption maximum at ∼520 nm (7, 18, 19) (Fig. 2C ). This observation and the localization of Go in PP cells (SI Appendix, Fig. S3B ) suggested that parapinopsin and parietopsin mediate color opponency of the pineal single photoreceptor cell through a mechanism similar to that in parietal eye photoreceptor cells.
To investigate the contributions of the two opsins to the color opponency observed by calcium imaging, we established parapinopsin-and/or parietopsin-KO fish by CRISPR/Cas9-mediated genome editing (SI Appendix, ) but were nearly negligible compared with the increase in PP cells containing parapinopsin. This suggests that, under the imaging conditions, parapinopsin alone mediated color opponency of the pineal photoreceptor cells, irrespective of the presence of parietopsin, enabling us to focus on the bistable nature of parapinopsin in further investigations.
To investigate the contribution of bistability, we generated transgenic fish expressing SWS1 opsin, a UV-sensitive cone opsin that shares parapinopsin's transducin signaling cascade but is not bistable (17, 20) but did not significantly respond to 588-nm light (Fig. 2H) , suggesting that the bistable nature of parapinopsin is responsible for the visible light-dependent calcium increase.
Color Opponency Based on Photoequilibrium of Parapinopsin Two
States. How the bistable nature underlies the antagonistic chromatic response in PP cells under imaging light conditions can be speculated as follows. As 930-nm light in two-photon excitation is considered to serve as blue light (∼465 nm) in one-photon excitation, the imaging conditions were considered to form a "photoequilibrium" or "semiphotoequilibrium" (i.e., photoequilibrium-like mixture) of the dark state and photoproduct of parapinopsin (Fig.  3A) . For 10-20 s after starting imaging, fluorescence intensity decreased because of hyperpolarization of the PP cells, which demonstrates accumulation of the parapinopsin photoproduct under excitation light (SI Appendix, Fig. S2 ). The 405-nm light stimulus increases the short-wavelength component of incident light and thus increases the fractional concentration of the signaling active photoproduct from that produced by the imaging light alone, leading to hyperpolarization (Fig. 3 B and D, calcium decrease) . Conversely, because the photoproduct is more sensitive to longer wavelengths, the 588-nm light stimulus decreases its fractional concentration, reducing the pool of signaling-active opsin, resulting in termination of hyperpolarization and increased calcium levels ( Fig. 3 C and D, calcium increase) . After the stimuli are turned off, the photoproduct amount is considered to revert to the original photoequilibrium level under "blue light" conditions (Fig. 3D) . Therefore, the 405-nm and 588-nm light stimuli may transiently decrease and increase calcium levels by changing the fractional concentration of photoproduct from the photoequilibrium level.
To test this hypothesis, we analyzed calcium level changes under 860-, 930-and 1,000-nm two-photon excitations, which are considered equivalent to violet, blue, and green light (∼430, ∼465, and ∼500 nm) excitations, respectively, and are therefore expected to generate a different "basal photoequilibrium." When imaging was performed with two-photon excitation with 860-nm light (i.e., "violet"), the 588-nm light stimulus increased the calcium levels, whereas the 405-nm light stimulus did not significantly decrease calcium levels (Fig. 3E) . In contrast, in twophoton excitation with 1,000-nm light (i.e., "green"), the 405-nm light stimulus decreased the calcium level, whereas the 588-nm light stimulus did not evoke an obvious increase (Fig. 3F) . These results, together with the response profile of two-photon excitation at 930 nm (Fig. 3D) , strongly support that the photoequilibrium of parapinopsin is fundamentally important to generate color opponency to light stimuli.
We next confirmed whether color opponency based on a single parapinopsin is generated under environmental light conditions. In vitro spectroscopic analysis revealed that, under white light with spectral distribution similar to that of sunlight in the early afternoon, zebrafish parapinopsin formed a photoequilibrium similar to that under the sunlight conditions wherein the ratio of the dark state to the photoproduct was ∼4:1 (SI Appendix, Fig. S1 , curve 4). The establishment of such a photoequilibrium allows the possibility that PP cells exhibit color opponency based on parapinopsin alone under sunlight. We investigated the calcium level changes in photoreceptor cells at 10-s intervals to reduce the effect of the two-photon imaging light, under continuous irradiation by white light with intensity ∼1% of that found in a sunny location in the early afternoon and with a similar spectral distribution (Fig. 4A) . In WT and PT −/− , a decrease followed by a steady state of calcium level was observed when the white light was turned on (SI Appendix, Fig. S6 ), similar to the case under imaging "blue" lights (SI Appendix, Fig. S2 ). In contrast, PP −/− and PP
did not show large decreases in calcium levels in response to white light (SI Appendix, Fig. S6) . After the calcium level reached a plateau (∼10 min), PP cells were exposed to "mixed white light" with UV or visible LED light, which has a broad spectral distribution (UV light-or visible light-mixed white light; Fig. 4A ), to investigate whether color opponency based on parapinopsin is observed under natural light-like conditions. We found decreased and increased calcium levels following exposure to UV and visible light-mixed white light, respectively, in WT and PT −/− but not in PP −/− and PP −/− /PT −/− (Fig. 4B) . Changes in calcium level were also observed in PP cells following exposure to different intensities and durations of UV and visible lightmixed white lights (SI Appendix, Fig. S7 A-C) . These observations suggest that parapinopsin alone can allow pineal photoreceptors to respond to changes in the spectral distribution of incident light (i.e., color opponency) under physiological sunlight conditions.
Discussion
In this study, we describe a chromatically antagonistic response of calcium in a single zebrafish pineal cell produced by a single kind of bistable opsin, parapinopsin. The mechanism relies upon parapinopsin's ability to form two photointerconvertible opsin states with different spectral sensitivity and signaling capacity. Under extended light exposure, an equilibrium between these two states is formed in which the fractional concentration of the signaling active state is dependent on the spectral composition of incident light, with lights biased toward UV driving greater hyperpolarization than those biased toward visible light.
A previous study revealed a correlation of photoresponses between calcium dynamics and electrophysiological outputs in photoreceptor cells (i.e., cones) of the zebrafish retina (21) . Therefore, the antagonistic chromatic changes in calcium levels measured in this study qualitatively suggest electrophysiological outputs of color opponency in the PP cells of zebrafish. Parapinopsin is found in a wide variety of lower vertebrates (9, 10, 14, 18) , and its bistable nature might contribute to a single kind of opsin-based color opponency in pineal-related organs other than the teleost pineal organ.
Photoreceptor cells in many invertebrates such as insects, crustaceans, and cephalopods employ bistable opsins (12) . Photoreceptor cells of white-eyed Drosophila show "opponent" responses to blue and orange light under specific artificial experimental conditions (13) . Following intense blue light irradiation, fly photoreceptors generate a depolarizing PDA that persists in the dark as a result of insufficient shut-off of lightactivated rhodopsin; orange light then causes "opponent" responses (i.e., hyperpolarizations) because of the reverse photoreaction of the accumulated "signaling-active metarhodopsin" (arrestin-free) to the inactive dark-state rhodopsin (13) . Because, similarly to the mechanism of PDA, one might speculate that PP cells require abundant "active" or "not-inactivated" photoproducts to generate the reverse responses of photoreceptor cells (i.e., depolarization), it is important to consider the activity of biochemical deactivation mechanisms in this system. We therefore investigated the recovery kinetics of light response via shut-off of light-activated parapinopsin after turning off the white lights (i.e., in the dark). Interestingly, calcium levels recovered to that of the dark level by ∼20 s after turning off the white light (SI Appendix, Fig. S8) , showing no prolongation of the light response, as in a typical PDA, which continues for hours in the dark. Therefore, it is of interest to discuss how the active photoproduct accumulates under white light.
The duration of light exposure for maximum changes in increase of calcium level in PP cells (10-20 s; SI Appendix, Fig. S7 ), which is considered to be correlated to accumulation of the photoproduct, is shorter than the duration (more than 100 s) estimated to be required for ∼99% level of the photoequilibrium formation (SI Appendix, Supplementary Information Text). To address this inconsistency, we roughly estimated a time evolution of the signaling active photoproduct after exposure to the white light, based on the very simplified reaction scheme of the dark state and photoproduct of parapinopsin according to that of bistable Drosophila rhodopsin and metarhodopsin (13) (SI Appendix, Supplementary Information Text and Fig. S9 ). The estimated profile suggests that the change in signaling active photoproduct amount in PP cells reaches maximum at approximately 20 s under exposure of PP cells to different white light (SI Appendix, Fig. S9C ). The duration is similar to that for maximum changes in calcium level in PP cells under exposure to white light (SI Appendix, Fig. S7C ). The profiles estimated with different values for reaction parameters suggest that the dark-inactivation of active photoproducts of parapinopsin under white light might contribute to accumulation of active photoproducts (SI Appendix, Fig. S9 C-E) . Because the estimation is based on a very simplified model, investigation of a detailed mechanism(s) involved in the dark inactivation of the signaling-active photoproducts, such as phosphorylation of and arrestin binding to parapinopsin photoproducts and their kinetics is important to understand how a certain amount of the active photoproduct is kept in PP cells under white light (SI Appendix, Supplementary Information Text). In addition, this issue is also important to investigate if activities of proteins, such as arrestin (22) , are regulated when the photoproducts revert to the dark state upon absorption of visible light. We also observed slow elevation of calcium levels after these levels were greatly decreased under continuous blue light irradiation (i.e., two-photon excitation) or xenon white light (SI Appendix, Figs. S2 and S6) . Such slow elevation of calcium may be related to the kinetics of signaling-active photoproduct (SI Appendix, Fig. S9C ), which could constitute a mechanism of light adaptation. As calcium itself affects electrophysiological responses by regulating several signal transduction proteins (23, 24) , it is important to investigate such parapinopsin-based light adaptation by comparing WT and SWS1/PP −/− zebrafish. We found coexpression of parapinopsin and green-sensitive parietopsin, which underlies depolarization in the lizard parietal eye, in the photoreceptor cells of the zebrafish pineal organ. Although parapinopsin-deficient PP cells exhibited a slight residual increase in calcium levels, suggesting depolarization (Fig.  2) , the residual responses in PP −/− and PP
−/−
/PT −/− were similar in amplitude (SI Appendix, Fig. S5B ), suggesting that the residual increase in the calcium level did not involve a large contribution by parietopsin. Additionally, following exposure to white light, no significant difference in calcium changes was observed between PP −/− and PP −/− /PT −/− (SI Appendix, Fig. S6 ). Taken together, these observations suggest a limited contribution of parietopsin in regulating calcium levels under the white light conditions used in this study. Such little involvement of parietopsin under these light conditions may be explained by its molecular property as a bleaching opsin (19) . Under bright light conditions such as those in early to late afternoon ( Fig. 4A and SI Appendix, Fig. S10A ), the amount of functional parietopsin decreases because the photoproduct releases its retinal chromophore and loses its function after light absorption. In this circumstance, it remains possible that parietopsin contributes to color opponency by activating Go under dim light conditions (e.g., dusk and dawn), as suggested for the lizard parietal eye (5, 7) .
In contrast to the two-opsin system involving parietopsin, the chromatic mechanism involving parapinopsin alone in the zebrafish pineal organ may not be suitable for detecting dawn and dusk. Light intensity at these times [e.g., irradiance of 0.1 W/m 2 or less (25) , ∼3% brightness of the white light used in Fig. 4 ] is not sufficiently strong to form a photoequilibrium between the two states, which is essential for generating color opponency via this mechanism. The intensity and spectral distribution of natural sunlight varies depending on numerous factors, e.g., the time of day (e.g., early and late afternoon) and local conditions (e.g., sun or shade). Light intensity in the late afternoon is considered to be bright enough for parapinopsin-based color opponency (SI Appendix, Fig. S10A ). Interestingly, the spectral distribution of light largely differs between the sunny and shady locations in the late afternoon; late-afternoon sunlight in a sunny location contains abundant longer-wavelength components whereas shorterwavelength components are relatively increased in the shade. The photoequilibria of parapinopsin formed under sunny and shade sunlight conditions were different; the relative amounts of photoproduct in the photoequilibrium under the sunny and shady location conditions were ∼8% and ∼25%, respectively (SI Appendix, Fig. S10B) . Therefore, such changes in wavelength components between sunny and shady locations in the late afternoon may be detected by the mechanism involving parapinopsin alone because late afternoon sunlight in the shade is approximately fivefold brighter than the white light used in this study, in which parapinopsin-based color opponency was generated ( Fig. 4 A and B and SI Appendix, Fig. S10 ). Determining the intensity of white light that enables PP cells to generate color opponency would provide a clue to the physiological function of parapinopsin-based color opponency as well as how putative parapinopsin-based and parapinopsin/parietopsin-based opponent mechanisms are used for the color opponency of PP cells, depending on different situations.
It has been suggested that the ancestral animal opsin had a bistable nature (26) . Therefore, a single kind of bistable opsinbased color opponency in a single photoreceptor cell might have been a prototype of color opponency. As shown in Fig. 3 , the shift of the quantity ratio of signaling-inactive and -active ("dark" and "photoproduct," respectively) states corresponding to the wavelengths of light is a key to generating color opponency. Bistable opsins in which dark and light states have largely overlapping absorption spectra do not clearly exhibit their photoequilibrium shift depending on the wavelengths of light, and therefore such a bistable opsin is not suitable for a single kind of opsin-based color opponency. In other words, the separation of spectral sensitivities between dark and light states could be critical to detect the color information. Accordingly, the color opponency with a single kind of bistable opsin could have simply developed from a brightness detection system with a single kind of bistable opsin through molecular evolution of the opsin, that is, amino acid mutations resulting in a bistable opsin having two spectroscopically separated states, like parapinopsin. Taken together, such a single kind of bistable opsinbased color opponency could be the first step for developing varied mechanisms of color opponency including color vision with multiple opsins.
Materials and Methods
Animals. Zebrafish (Danio rerio) were obtained from the Zebrafish International Resource Center and National BioResource Project Zebrafish. Zebrafish were maintained on 14-h light/10-h dark cycles at 28.5°C. Embryos (0-7 d postfertilization) were maintained in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , and 0.33 mM MgSO 4 ). The animal experiment procedures were approved by the Osaka City University Animal Experiment Committee (no. S0032) and complied with the regulations on animal experiments from Osaka City University.
Generation of Transgenic Fish. The ∼5 kb upstream sequence of zebrafish parapinopsin (PP1; DDBJ/EMBL/GenBank accession no. AB626966) was previously isolated and inserted into the Tol2 vector pT2AL200R150G (14, 27) , which contains the EGFP expression cassette. To introduce GCaMP6s into PP cells, the EGFP sequence was replaced with the GCaMP6s sequence obtained from pGP-CMV-GCaMP6s (no. 40753; Addgene). To introduce SWS1 opsin (DDBJ/EMBL/GenBank accession no. D85863) into zebrafish PP cells, the SWS1-P2A-mCherry sequence was used instead of the GCaMP6s sequence. Plasmid DNA (∼25 pg) and Tol2 mRNA (∼25 pg) were coinjected into embryos during the one-cell stage.
Generation of Gene-KO Fish. Guide RNAs (SI Appendix, Fig. S4 ) were generated as described previously (28) . The plasmids pT7-gRNA and pT3TS-nCas9n were obtained from Addgene (nos. 46759 and 46757). The oligonucleotide sets designed for guide RNAs were as follows: 5′-TAGGGTGGCGGTGTC-CTGGGTC-3′ and 5′-AAACGACCCAGGACACCGCCAC-3′ for zebrafish parapinopsin guide RNA and 5′-GGCGTATGAGCGCTATAACG-3′ and 5′-AAAC-CGTTATAGCGCTCATACG-3′ for zebrafish parietopsin guide RNA. Annealed oligonucleotide sets were inserted into pT7-gRNA, which had been linearized by BsmB I. Guide RNAs were transcribed by using the MEGAscript T7 Transcription Kit. Cas9 mRNA was transcribed in vitro by using the mMESSAGE mMACHINE T3 Transcription Kit (Ambion). Guide RNA (∼50 pg) and Cas9 mRNA (∼150 pg) were coinjected into embryos during the one-cell stage. Mutations in the zebrafish parapinopsin and parietopsin nucleotide sequences were confirmed by a heteroduplex mobility assay (29) . Stop codons appear after Val224 and Ser135 in the PP −/− and PT −/− mutants, respectively.
Opsin(s)-deficient fish were obtained by mating the established KO strains.
Two-Photon Imaging. Zebrafish larvae (7 d postfertilization) were mounted dorsal side up in low-melting agarose gel (1.5% in E3 medium) on 35-mm glass-bottom dishes (Iwaki). To prevent drying and immobilize the larvae, E3 medium containing 0.002% Tricaine (MS222; Sigma) was added to the dishes. Two-photon calcium imaging of transgenic fish was performed by using a multiphoton laser scanning microscope (FVMPE-RS; Olympus). The
Mai Tai HP DeepSee IR laser (Spectra-Physics) was used for two-photon excitation of GCaMP6s in PP cells. The wavelength and intensity of the IR laser were controlled by using FLUOVIEW software (Olympus). The laser intensities at 860, 930, and 1,000 nm were 2.37, 1.49, and 0.74 W, and 2.5%, 4%, and 8% of each were used as experimental conditions, respectively. A Galvano scanner was used to acquire images for all procedures (∼450 ms in a 160 × 160-pixel image). Light stimulation using lasers was conducted by scanning with 405-nm (OBIS; Coherent) and 588-nm (Sapphire; Coherent) lasers with the same scanning areas as those of IR laser scanning. The light intensities of lasers were calculated based on the size of the scanning area (∼0.0064 mm 2 ). In imaging under two-photon excitation, the intensities of light stimuli using 405-and 588-nm lasers were ∼3.2 × 10 14 and ∼5.4 × 10 17 photons per cm 2 ·s, respectively, and the durations were ∼450 ms. Three types of white lights were used for white light experiments (Fig. 4A) ; the xenon lamp white light as a standard white light in this paper was mixed with UV (∼365 nm, ∼8.9 × 10 12 photons per cm 2 ·s) or visible (∼580 nm, ∼4.7 × 10 13 photons per cm 2 ·s) LED light (pE-4000; CoolLED). White light was provided through the cold filter (CLDF-50S; Sigma Koki) from a xenon light source. White-light irradiation was blocked at the time of image acquisition by using a shutter synchronized with IR laser scanning. An XLPLN 25× WMP2 objective lens (NA, ∼1.05; Olympus) was used for all imaging procedures. The temporal changes in GCaMP6s fluorescence intensities in time-series images were analyzed by using FLUOVIEW. Subtraction of mean fluorescence intensity between each ROI containing PP cells and the nonfluorescent region outside PP cells (i.e., background) was carried out to calculate net fluorescence intensity. In Figs. 1D, 2 D-H, 3 D-F, and 4B and SI Appendix, Figs. S2 and S5-S8, the mean fluorescence intensity in an ROI containing all PP cells in one fish such as ROI 7 in Fig. 1B was used to eliminate arbitrariness in selecting the ROI. The fluorescence changes in time-series images were shown as the rates of change ΔF/F 0 (normalized with initial point; dark) or ΔF/F (defined in each figure legend).
RT-PCR. Total RNA from the pineal organ, brain, and eye of zebrafish was purified with an RNeasy Mini kit (Qiagen) and reverse-transcribed into cDNA by using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). β-Actin was used as an internal reference gene. The primer sequences are shown in SI Appendix, Materials and Methods.
In Situ Hybridization. Preparation of RNA probes and in situ hybridization were carried out as previously described (17) . Digoxigenin (DIG)-and fluorescein-labeled antisense and sense RNA probes for zebrafish parapinopsin and parietopsin mRNAs were synthesized by using the DIG RNA labeling kit and fluorescein RNA labeling kit (Roche), respectively. Sections were pretreated with proteinase K and hybridized with each RNA probe in ULTRAhyb Ultrasensitive Hybridization Buffer (Ambion). For double fluorescence labeling, sections hybridized with DIG-labeled probes were incubated with HRP-conjugated anti-DIG antibody (Roche) and subsequently treated with the TSA plus DNP (HRP) system (Perkin-Elmer), followed by incubation with Alexa 488-conjugated anti-DNP antibody. Fluorescein-labeled probes on the sections were detected by incubation with alkaline phosphataseconjugated anti-fluorescein antibody (Roche) followed by a color reaction using the HNPP Fluorescent Detection Set (Roche).
Spectroscopic Analyses of Opsin-Based Pigment. Zebrafish parapinopsin and parietopsin were expressed and purified as previously described (30, 31) . Expressed proteins were reconstituted by adding an excess of 11-cis-retinal, extracted with 1% n-dodecyl β-d-maltoside (DM) in 50 mM Hepes buffer (pH 6.5) containing 140 mM NaCl (buffer A) and purified by using 1D4-agarose with buffer A containing 0.02% DM. Absorption spectra were measured with a UV2450 spectrophotometer (Shimadzu) at 0°C. Full methods are described in SI Appendix, Materials and Methods.
Measurement of Natural Light Spectra. A CL-500A illuminance spectrophotometer (Konica Minolta) was used for all measurements. Spectrum measurement in the early afternoon was carried out at 2:30 PM on April 16, 2018, in Osaka, Japan. Spectrum measurement of sunny and shady locations in the late afternoon was performed at 6:00 PM on June 16, 2018, in Osaka, Japan. The shade was made by shielding direct sunlight with a metallic case (height 30 cm × width 40 cm × depth 3 cm). Shade light, as indirect sunlight from the sky, was measured at a point 100 mm away from the metal case against the direction of the sun. The detector was oriented perpendicularly to the sky and measured at the ground level (∼5 cm).
